Abstract-This paper introduces a novel computer-based technique for automated detection of protein spots in proteomics images. The proposed technique is based on the localization of regional intensity maxima associated with protein spots and is formulated so as to ignore rectangular-shaped streaks, minimize the detection of false negatives, and allow the detection of multiple overlapping spots. Regional intensity constraints are imposed on the localized maxima in order to cope with the presence of noise and artifacts. The experimental evaluation of the proposed technique on real proteomics images demonstrates that it: 1) achieves a predictive value (PV) and detection sensitivity (DS) which exceed 90%; 2) outperforms Melanie software package in terms of PV, specificity, and DS; 3) ignores artifacts; 4) distinguishes multiple overlapping spots; 5) locates spots within streaks; and 6) is automated and efficient.
I. INTRODUCTION
T WO-DIMENSIONAL polyacrylamide gel electrophoresis (2-D PAGE) [1] is a powerful technique in proteomics aiming at protein separation and identification. 2-D PAGE is performed using isoelectric focusing and sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS PAGE), which allow protein separation in terms of their charge and molecular weight, respectively. Each resulting gel contains a few hundred up to several thousands of protein spots. The aim of gel analysis is to seek for alterations in protein expression, which correlate with pathological conditions, such as cancer. Accordingly, it is vital to detect protein spots that have appeared or disappeared during the various cell-cycle stages.
2-D PAGE imaging poses challenges in current image analysis research, considering that gel images feature media structure differences, variations in the electric field applied, as well as the presence of noise, dust particles, fingerprints, and cracks on the gel surface. In addition, difficulties arise due to the nonuniformity of the background intensity and the large variations of protein expression, which range from faint to saturated spots. Another open issue comes from the complex regions containing multiple overlapping spots. Such "multiplets" tend to occupy a large portion of the gel surface and their detection is often very difficult. Currently, biologists perform a laborious, errorprone process involving the correction of the output generated by 2-D PAGE image analysis software packages, such as Melanie (Geneva Bioinformatics SA, Geneva, Switzerland) [2] . The development of automated and consistent computer-based spot detection techniques is of crucial importance. State-of-the-art approaches to spot detection include watersheds [3] and stepwise thresholding [4] . Nonetheless, watersheds lead to the detection of false positives [5] , whereas stepwise thresholding fail in the presence of artifacts and noise [6] . The more recently proposed watershed-based approach of Tsai et al. [7] fails in the presence of multiplets.
Mathematical morphology [8] is a well-known image analysis approach. It can be applied for the extraction or suppression of image components of interest by designing a suitable structuring element (SE) [9] . It is based on set theory, considering images as sets of points. Set operations such as union, intersection, addition, and subtraction are performed between two sets: the object of interest and the SE. The key morphological operations are dilation and erosion, forming the basis for more complex operations such as opening and closing. Morphological operations are capable of preserving topological properties such as connectivity and homotopy, whereas they are suitable for detecting the location of geometric characteristics, such as intensity peaks [10] - [14] . They have been successfully applied on various biomedical domains, including electron micrographs of muscle cross sections [15] , gastric tumor pathologic cell images [16] , digital color eye fundus images [17] as well as on 2-D PAGE imaging [18] , [19] . This paper introduces a novel computer-based technique for automated detection of protein spots in 2-D PAGE images. Emerging from the association of regional intensity maxima with protein spots, the proposed technique utilizes the dilation image operator. The dilation operator embeds a disk-shaped SE, adjusted to the dominant roundish shape of protein spots. The disk-shaped SE limits the falsely detected streaks. SE size is set considering that a certain radius value minimizes the detection of false negatives (FN), whereas it allows the detection of local maxima associated with small spots even in cases where they overlap with larger spots in complex regions. The proposed technique imposes regional intensity constraints on the dilationgenerated maxima so as to cope with the presence of noise and artifacts. Furthermore, it is automated, efficient, and consistent with the time-consuming work of biologists [20] , [21] . As such, it extends the preliminary 2-D PAGE image analysis approach proposed in [22] .
The outline of this paper is organized in five sections. Section II presents an overview of mathematical morphology, whereas Section III presents the main components of the proposed technique. Section IV demonstrates the experimental results on real 2-D PAGE images, as well as comparisons with Melanie 7 (Geneva Bioinformatics SA, Geneva, Switzerland), a renowned 2-D PAGE image analysis software package. Finally, conclusions and future perspectives of this paper are discussed in Section V.
II. OVERVIEW OF MATHEMATICAL MORPHOLOGY

A. Background
Dilation and erosion are the two key morphological operations [23] . Dilation involves the intensity transformation of each pixel A(x, y) to the maximum intensity of a region centered on (x, y). Erosion is similar, differing only in the sense that it transforms to the regional intensity minima. Each region is specified by an SE defined by B(i, j) over a domain B Δ . Pixel values within the region of the SE are either 1 or 0. The morphological operation is applied on the neighborhood formed by pixels of value equal to 1. The gray-scale dilation operator of A(x, y) with the SE B(i, j) is denoted as A ⊕ B and defined by
The gray-scale erosion image operator of A(x, y) by the SE with the function B(i, j) is denoted by AΘB and defined by Fig. 1 depicts the dilation image operator on a sample image with a four nearest neighbor (4NN) SE. The SE is placed over the upper left pixel of the input image and slides along to the next pixel until the whole image has been processed. The maximum intensity value within the SE B(i, j) centered to each A(x, y) is set to the (x, y) pixel of the output image. The erosion image operator works in a similar fashion.
Variations in SE size and shape may alter the effect of morphological operations and should be taken into consideration [24] . The shape of the SE is often selected in accordance with the shape of the objects of interest. Square and rectangular shapes are selected when the focus is put on edge detection, whereas in some cases a disk-shaped SE unrelated to directions may lead to better results. On the other hand, the size of the SE is selected in accordance with the size of the image components. For instance, a small disk tends to detect a large amount of regional intensity maxima, whereas a large disk tends to ignore most of such maxima.
B. Regional Intensity Extrema
Regional intensity maxima and minima are vital morphological image features, usually associated with bright or dark objects of interest. A regional maximum M at elevation t is defined by
where p is the pixel location, I(p) is the intensity of p, and δ SE is the region generated by the dilation of M according to the SE.
From (3), it is evident that a regional maximum is not restricted to one pixel but is extended to a connected neighborhood M . The main attribute of M is that no higher intensity value exists in δ SE . A regional minimum m at elevation t is similarly defined by
The regional extrema of an image are the union of its regional maxima and minima.
III. MORPHOLOGY-BASED PROTEIN SPOT DETECTION
A morphology-based technique is introduced for the detection of protein spots in 2-D PAGE images. As a first step, a 3 × 3 median filter is applied on the 2-D PAGE image, so as to tackle with the presence of noise. The application of the median filter on 2-D PAGE images has been supported in previous works such as [25] .
In cases of 2-D PAGE images depicting protein spots as bright regions over a dark background, as the images illustrated in Fig. 2(a) , protein spots can be associated with regional intensity maxima. These maxima can be determined by the application of (3).
The SE selected to form the connected regions associated with the regional intensity maxima is disk shaped, approximating the dominant shape of protein spots in these images. SE radius r is set according to the results of preliminary experimentation on 2-D PAGE images, considering that a certain radius value minimizes the detection of FN, whereas it allows the detection of local maxima associated with small spots even in cases where they overlap with larger spots in complex regions. Fig. 2(b) illustrates the result of the dilation of the 2-D PAGE image of Fig. 2(a) with the utilized SE. The latter is illustrated in Fig. 3 .
A regional intensity maxima selection stage follows dilation. The selection is based on two constraints. 1) The intensity of the selected regional maxima should be equal to or higher than a k × k adjacent region. This constraint is applied so as to include salient maxima associated with spots and avoid extremely local maxima associated with noise. 2) Intensities of the 3 × 3 neighborhood of each pixel of the selected regional maxima should exceed a threshold value T in order to avoid the detection of spurious maxima associated with unwanted artifacts and background peaks. The algorithm of the proposed technique is summarized in the block diagram of Fig. 4 .
IV. RESULTS
The proposed technique has been experimentally evaluated on 13 real 2-D PAGE images provided by the Biomedical Research Foundation of the Academy of Athens. The utilized dataset contains approximately 26 000 protein spots. The 2-D PAGE images were obtained in a digital format at 8-bit gray-level depth, with field of view of approximately 56810 mm 2 and size of 700 × 650 pixels, whereas the algorithm has been implemented in MATLAB R2009b and executed on a 3.2 GHz Intel Pentium workstation. Three ground truth images were provided by the expert biologists of the Biomedical Research Foundation of the Academy of Athens for each 2-D PAGE image. The replicates for each ground truth image were five. The application of the majority rule on these triads of ground truth images resulted in the final ground truth images used in the experiments performed. Parameters T , k, and r were set to 75, 8, and 4, respectively, based on the following considerations: 1) threshold value T is selected equal to or lower than the intensity of the faintest spot so as to allow the detection of local maxima associated with faint spots; 2) k × k size of adjacent region should be equal to or higher than 20 pixels considering that the typical size of a protein spot ranges from 20 to 300 pixels in order to allow the detection of local maxima associated with spots and avoid local maxima associated with noise; and 3) radius r is selected smaller than the smallest protein spot radius in order to allow the detection of local maxima associated with small spots even in cases where they overlap with larger spots in complex regions. These parameter values were used in all experiments to follow.
Parameters T , k, and r are not directly affected by the total image size. However, as it can be derived from the earlier considerations, parameters k and r are affected by the range of protein spot sizes in pixels, which is determined by image resolution. In addition, parameters k and r are invariable to image contrast, as opposed to parameter T . The latter decreases as image contrast increases, since contrast increase lowers faint spot intensities, which provide the upper bound of T , as described.
The Melanie software package is used for comparisons. Melanie parameters "smooth," "saliency," and "min area" were set to 4, 70, and 60, respectively. These values were selected by an expert biologist, following his experience. According to the documentation provided with Melanie: 1) "smooth" parameter determines the number of iterative executions of the diffusion smoothing algorithm, which is a component of Melanie; 2) "saliency" parameter indicates how far a spot stands out with respect to its environment. Real spots generally have high saliency values, whereas artifacts and background noise have small saliencies; 3) "min area" parameter eliminates spots of area smaller than the specified value, which is expressed in number of pixels. It is evident that the vast majority of the actual protein spots are correctly detected. The detection results were quantified by means of the predictive value (PV), specificity (SP), and detection sensitivity (DS) [26] , which are defined as
where true positives (TP) and FN are defined as correctly detected and falsely detected spots. TP and FN are calculated based on the final ground truth images. Table I presents the calculated PV, SP, and DS for each 2-D PAGE image in Fig. 5 . The proposed technique obtains a DS, which exceeds 90% in all image cases. In the cases of Fig. 5(d) and (e), it misses only four and two actual protein spots out of 57 and 26, respectively. In the case of the 2-D PAGE image in Fig. 5(f) , the proposed technique misses 17 out of a total of 154 protein spots. These FN cases are a side effect of median filtering, which may affect some regional intensity maxima. Fig. 6 illustrates detailed subimages of the images in Fig. 5 , so as to focus on the response of the proposed technique with respect to the presence of overlapping spot regions, streaks, and artifacts.
The detailed subimages in Fig. 6 (a)-(b) depict complex regions with multiple overlapping spots. In both cases, it manages to separately detect each overlapping spot. This discriminative capability of the proposed technique is attributed to the size of the SE, which is smaller than the protein spot sizes. Fig. 6 (c) and (d) illustrates subimages containing multiple vertical streaks. Such streaks occur due to flawed calibration or insufficient SDS in electrophoresis buffer and pose difficulties for the consistent spot detection by biologists. The main challenge is the localization of protein spots within streaks. The proposed technique succeeds in detecting such spots. The DS of the proposed technique in such cases can be attributed to the utilization of the disk-shaped SE, which tends to ignore the rectangular-shaped streaks. Fig. 6 (e) and (f) presents subimages containing artifacts. In both cases, the proposed technique correctly ignores all artifacts present. This can be attributed to the selectivity of the constraints imposed, which are parameterized so as to select salient intensity maxima.
The total execution time of the MATLAB implementation of the proposed technique for a 2-D PAGE image is approximately 15 s.
The experimental results obtained from the proposed technique are compared to the results obtained by the application of Melanie software package on the same images. Fig. 7(a)-(c) illustrates the ground truth images, whereas Fig. 7(d)-(f) depicts the detection results obtained directly by the Melanie software package. It can be observed that much more actual protein spots are missed, whereas more artifacts are falsely detected as spots, Fig. 7(f) . Table II presents Tables I and II leads to the conclusion that the Melanie software package is outperformed by the proposed technique in all image cases. Table III presents the PV, SP, and DS obtained by the proposed technique and Melanie, in a total of approximately 26 000 protein spots appearing in a dataset of 13 2-D PAGE images. Fig. 8 provides a visualization of the results of Table III . It is evident that the proposed technique outperforms Melanie in terms of all performance criteria. In addition, analysis-ofvariance (ANOVA) has been performed so as to validate the statistical significance of the obtained results. ANOVA involves the so-called null hypothesis testing, where the null hypothesis is that the means among the compared populations are equal, under the assumption that these populations are normally distributed [27] . ANOVA yielded a p-value of less than 0.05 for all performance criteria, indicating that the performance difference of the proposed technique and Melanie is statistically significant. The total execution time of the Melanie software package for a 2-D PAGE image is approximately 11 s, which is slightly smaller than the time required by the MATLAB implementation of the proposed technique. However, it should be noted that this difference in execution time is not critical for the application. In addition, a C implementation of the proposed technique is expected to decrease the execution time.
V. CONCLUSION
In this paper, a novel computer-based technique is proposed for automated detection of protein spots in 2-D PAGE images. The dilation operator is used for the location of regional intensity maxima associated with protein spots. The SE is selected as disk shaped in accordance with the dominant roundish shape of most protein spots. The disk-shaped SE tends to ignore the rectangular-shaped streaks. In addition, SE radius r is set considering that a certain radius value minimizes the detection of FN, whereas it allows the detection of local maxima associated with small spots even in cases where they overlap with larger spots in complex regions. The proposed technique imposes regional intensity constraints on the dilation-generated maxima so as to cope with the presence of noise and artifacts, such as cracks and dust particles. Furthermore, it is automated, efficient, and consistent with the time-consuming work of biologists.
Considering the experimental evaluation it can be concluded that the proposed technique: 1) achieves a PV and a DS which exceeds 90%; 2) outperforms Melanie software package; 3) distinguishes multiple overlapping spots; 4) locates spots within streaks; 5) ignores artifacts; and 6) requires approximately 15 s to execute. Future perspectives of this paper involve the segmentation of protein spots for the calculation of their mass and the development of an integrated 2-D PAGE image analysis system for the identification of protein spots. 
